A study has been made of thermionic emission from tungsten filaments cataphoretically coated with alkaline earth oxides. It was found that:
THERMIONIC EMISSION FROM OXIDE-COATED TUNGSTEN FILAMENTS I. Introduction
Although the oxide-coated cathode was reported by Wehnelt (1) as long ago as 1904 and has been studied extensively since then, its properties are still by no means completely understood. An evidence of this lack of understanding is seen in the large number of papers on oxide-coated cathodes which are being published.
During the last fifteen years, modern semiconductor theory has been increasingly applied to oxide-coated cathodes. This theory rests at present on a rather firm foundation, since it has successfully explained many previously unrelated phenomena. For an excess-impurity semiconductor, such as the oxide-coated cathode is believed to be, the physical picture and the energy level structure will be as shown in Two energy bands are indicated. Near the bottom is the filled band, which at absolute zero is filled with electrons. Nearer the top is the conduction band, which is normally empty except for electrons that have been excited. There is a rather wide region separating the top of the filled band and the bottom of the conduction band. Between the conduction band and the filled band are shown the impurity levels that are believed due to a stoichiometric excess of barium, produced during only by the potential drop due to the flow of current.
It is the object of the present work to study the The experimental work to be reported can be divided into four categories:
a. projection tube studies to assess the effect of the crystallographic structure of the base metal on the emission from the oxide-coated filament b. retarding field measurements c. accelerating field measurements d. x-ray diffraction study of the coating.
II. Projection Tube Studies

A. Design of the Tubes
Two projection tubes were used in this study. The two tubes were identical except for minor differences in application of the phosphor.
The envelope of each tube was a 50-mm pyrex cylinder.
The getter was mounted in a side tube and was composed of four Ba-Al pellets mounted in nickel holders. The holders were arranged in a closed circuit so that the getter could be fired with an rf induction heater.
The collector consisted of a 1/4-inch spring, wound of 0.015-inch tungsten wire and stretched between two side-press leads near the edge of the envelope. With such a construction the collector could be outgassed by passing a current through it, yet its diameter was sufficiently large to give a satisfactory collection efficiency. That the collection efficiency was large enough for the purpose was later indicated by the fact that the projection patterns did not vary visibly in intensity either radially or longitudinally.
The inner surface of the tube was coated with a phosphor, ZnS, silver-activated.
Good adherence was achieved by means of a binder of potassium silicate.
The emitters used were of bare tungsten wire and oxide-coated tungsten wire. In either case, the emitter was held under tension along the axis of the tube by a tungsten spring made according to the data of Langmuir and Blodgett (2) . The ends of the filament were welded to tantalum chips which in turn were welded to the press lead and to the spring.
In both projection tubes, No. 218 tungsten wire was used, designated as Exp. 7767.
The wire was originally 0.005-inch in diameter, but it had a somewhat smaller diameter after being mechanically polished to remove the die marks. The polishing procedure, which required about 40 hours, was similar to that which has been described by Johnson, White, and Nelson (3). After the wire had been polished, their diameters were reduced to approximately 0.0045 inch.
The polished tungsten wire was recrystallized in the projection tube by heat. The heating schedule will be described later in connection with experimental procedure.
The carbonate coating was applied to the wire cataphoretically. The wire to be coated was stretched along the axis of a rectangular nickel-plated copper tank which held the suspension. The dimensions of the tank were not important so long as they were large compared to the radius of the wire. A potential difference of 20 volts was applied between the wire and the tank; the tank was made positive with respect to the wire. It was found that the current, for a 0.005-inch wire, 25 cm long, would be originally approximately 50 ma and would drop as the coating formed. A coating time of the order of 1 minute would produce a thickness of approximately 0.001 inch.
B. Experimental Procedure
The two projection tubes were pumped on a two-stage mercury diffusion system. The baking and outgassing schedule for both projection tubes was essentially the same.
Each tube was baked for three periods of three hours each at a temperature of 500°C, and the McLeod gauge was torched. Between each bake the spring collector was heated to 1580°K by passing through it a current of 5 amp. Between the second and third bake the bare filament was recrystallized and outgassed, in the manner described below.
In the taking of data, four steps were required.
1. The bare tungsten wire was recrystallized in the projection tube.
2. The tungsten pattern on the projection tube was observed. In order to produce a good pattern, a potential of 4000 volts was applied to the collector and the filament was heated to 2210°K.
3. The recrystallized tungsten wire was removed from the projection tube, coated cataphoretically and returned to the tube. The tube was processed in the same manner as described above and the filament was activated.
4. The projection pattern was again observed.
C. Experimental Results
Recrystallization of tungsten wires
The tungsten wires for the two projection tubes were recrystallized by heating with an alternating current, but different time-temperature schedules were used for each.
In the first tube, the temperature was raised 100°per hour from 1800°K to 2300°K, and then 100°each half-hour to 2600°K. Finally the wire was flashed at 2800°K for 5 minutes. The resulting projection pattern showed two single crystals, 2 inches and
body-centered cubic structure, and with the knowledge that the crystals form with the 110 direction along the axis of the wire, it was easy to locate the important crystallographic directions. Maxima were observed in the 111 and 116 directions and minima in the 110 and 112 directions. The angles of the maxima and the minima on the projection tube were measured and were found to check calculations within 5°.
In the second tube, the tungsten filament was recrystallized by holding its temperature at 2000°K for 45 hours. At the end of this time the pattern was observed and was found to show approximately six single crystals with numerous faults. The shortest crystal was approximately 1 cm in length. The filament was then flashed for 5 minutes at 2800°K, which removed many of the faults. The pattern could be analyzed, as was done for the first tube, and once again agreement was found with published data.
Projection-tube studies of oxide-coated filaments
It was impossible in these projection tubes to activate the filaments by using the customary procedures. The final stage in the usual activation process is to draw emission current from the filament with an accelerating voltage such that the current is just space-charge limited. For the smaller currents the space-charge equation is satisfied with a rather small accelerating voltage. With a phosphor, the phosphor potential will remain slightly below that of the filament unless the collector is made more positive than the first crossover point. Since the first crossover point for ZnS is probably of the order of several hundreds of volts, one has no choice but to activate almost completely by heat and to draw current by quite a large accelerating voltage.
The temperature-time schedule for tube No. 1 is given below. The temperatures quoted are computed using the Stefan-Boltzmann relation and an emissivity of 0.25.
This will give temperatures correct to within 2 percent over the range used.
Step It was obvious during the processing that the activation temperatures had been too high. This was shown by the fact that part of the filament glowed more brightly than the rest. The higher temperature was attributed to a deterioration of the surface.
Such a deterioration would decrease the surface available to radiate the input power and would result in a higher temperature. Between steps 2 and 3, high voltage was applied to tube No. 1 with the filament at a temperature of 1050°K. With a collector potential of 2000 volts, the anode current was 0.1 ma. It was noted that all the emission came from a small region which was, in fact, the region in which the higher temperatures had been observed. When an attempt was made to increase the current from the apparently inactive regions by increasing the filament temperature, cathode sparking occurred in the damaged region and in one other isolated region. Eisenstein (5) has attributed the type of sparking observed to a breakdown of the interface and has said that it is more prevalent in cathodes possessing an interface of low conductivity. Evidence to be presented later indicates that the cathodes being used here may have just these properties.
Further activation was attempted on tube No. 1 by heating the filament for 2.5 hours at 950°K. The emission was found to be large from the two regions in which damage to the surface had resulted in a higher temperature. Omitting these regions from the discussion, the emission was quite uniform and no evidence was seen of the crystallographic structure of the base metal.
In tube No. 2, an attempt was made to reduce the damage to the filament by conducting operations at lower temperatures. Accordingly, the following schedule was used: 1190°K for 0.5 hour followed by 1290°K for 34 hours. Even these temperatures were found higher than desirable, for one small region of the filament showed a slightly higher temperature than the rest. On the drawing of emission current above 0.1 ma, sparking occurred in this region. However, it was found possible to get a satisfactory pattern at 0.02 ma. Greater emission was found from one small high-temperature region; but for this, the emission was fairly uniform and showed no influence of the crystallographic structure of the base metal.
Conclusions
On the basis of the experimental results given on the previous pages the following conclusions may be drawn.
a. The filaments may be expected to possess an interface of low conductivity.
b. A uniform emission may be achieved if the filament is handled carefully.
c. The emission cannot be seen to be affected by the crystallographic structure of the base metal.
III. Emission Studies
A. The Experimental Tube
General features
The tube with which quantitative emission studies were made was a diode of concentric cylindrical geometry. A drawing of the important parts of the tube is shown in Because of the use of a filament emitter and a sliding anode, it was necessary for three of the leads to go the length of the tube in order to reach the press leads. These
three leads were: one end of the filament, one of the two potential leads that are attached to the filament at the edge of the filament coating, and the lead to the collector portion of the sliding anode. In order to eliminate polarization effects, it was necessary that the collector system should not "see" any dielectric which is also viewed by the filament system. This requirement was par-ROD tially satisfied by tantalum shields which enclosed the conductors to the bottom of the filament and the lower potential lead. In the experimental work to be described later, polarization currents of the order of 10 14 amp were found. Conse--13
quently, emission currents below 10 amp were Fig. 2 considered undependable and were discarded.
Anode structure.
The sliding anode
The sliding anode consisted of a collector and two guard rings. These were three cylinders, 1.59 cm in diameter, made of 3-mil tantalum sheet. The length of the collector was 1.63 cm. The three cylinders were held rigidly by three quartz rods. In order to decrease leakage, each of the quartz rods was protected from foreign deposits by two evaporation shields. To prevent electrons from passing out of the collector system, each of the guard rings had a collar to shield the space between the guard ring and the collector. The extreme end of each guard ring was fastened rigidly to a tantalum disk. These disks had a diameter such that they rested lightly on four 70-mil tungsten uprights. It was on these uprights that the anode structure rode, and the guard rings were grounded by contact between the disks and the uprights. Contact to the collector was made through a flexible nickel spiral.
The filament structure
The filament base metal was of No. 218 tungsten wire, polished and recrystallized as was described in section II. After polishing, the bare filament had a diameter of 4.68 mils. The section of the filament within the auxiliary anode was cataphoretically coated, by using the method described in section II, to a diameter of 8.41 mils.
Special provisions were made so that the temperature over the emitting section of the filament would be uniform. The distance from the central section of the filament to the spring at the bottom of the tube was 20.5 cm. The data published by Langmuir, McLane, and Blodgett (6) on tungsten wire have indicated that this length is sufficient to assure that, even at temperatures as low as 500°K, the temperature of the filament under the collector was constant to at least 3°C. The top of the filament was welded to a 10-mil tantalum wire 6.4 cm long, which in turn was welded to the press lead.
If the properties of tantalum are compared with those of tungsten, it is found that tantalum has a slightly smaller total emissivity, a larger resistivity, and a heat -6- This difficulty was overcome by the following procedure. By using Eq. 1 and the data for V vs i, a plot was made of temperature as a function of current. The curve was extrapolated to zero current, and the extrapolation was found to be slightly different from the measured room temperature. The constant L/d 2 was adjusted until the extrapolation agreed with room temperature, and the T vs i curve was replotted. It was estimated that temperatures could be read from this final curve to within 2 C.
The getter
The getter consisted of four Ba-Al pellets mounted in four tantalum holders. The tantalum was pre-outgassed at 1550°C for one-half hour. The holders were welded together in a ring, in order that the pellets might later be fired with the induction heater, and were mounted in an appended getter bulb. The tubing which joined the getter bulb to the main tube was formed in such a manner that the barium released during firing could not reach the main tube by rectilinear motion.
General details of construction
All the metal parts of the tube were joined together with the spot welder. In most cases copper electrodes were used, and the copper was subsequently removed by washing in warm dilute nitric acid for 5 to 10 minutes. For some of the parts (notably the getter holders and the filament) washing with nitric acid would have been impossible, so molybdenum electrodes were used in the welder. Before they were assembled inthe main tube, all of the metals were outgassed in a dummy tube at temperatures ranging from 1650 0 C to 1750°C.
The glassware was cleaned with soap and water, distilled water, dichromate cleaning -7 _ _ I I II solution, and again with distilled water. After the final cleaning, neither the metal parts nor the inside of the glass envelope were touched with the hands except when wearing white cotton gloves.
Processing of the tube
The tube was evacuated on a two-stage mercury diffusion system backed by a Welch roughing pump. The pressures were measured with a Bayard-Alpert ionization gauge.
The evacuation was accompanied by the usual schedule of alternate bakes at 500°C and heating of the metal parts by induction. Because of the presence of the quartz rods, it was considered unwise to heat the main anode above 1200°C. Previous work had shown that tantalum which had been pre-outgassed at temperatures above 1500°C for several hours could be well outgassed later at temperatures as low as 1200°C. It was feared that at these temperatures the sliding anode, even though it were away from the oxide, might become contaminated during conversion and activation. It was found later, however, that the thermionic emission data showed no evidence of dirty anodes.
During the conversion of the carbonates of the coating to the oxides, the liquid air on the trap was replaced by a slush of acetone and dry ice. The temperature of the filament was raised slowly and held over a period of 5.5 hours at 950°K. During this time the pressure rose from 10 -9 to 10 -7 mm Hg. The temperature of the filament was held at 950°K for 2.5 hours while the pressure slowly fell. When the pressure had remained steady for 1 hour at 3.5 X 10 8 mm, the conversion was assumed completed and the temperature was lowered. With the tube cold, the pressure was 5 x 10 9 mm Hg When the filament was being activated the auxiliary anode was made positive by 1.5
volts. The filament temperature was raised over a period of 2 hours to 900°K, and was held at this temperature for 3.5 hours. During this time the anode current rose from -7 -6 1.2 X 10 to 1.2 x 10 amp. At no time during the activation did the pressure rise above 10 8 mm Hg.
The getter was outgassed for 1 hour at red heat and was then fired. The constriction was warmed very slowly, and the tube was removed from the system.
The filament was seasoned for 93 hours by drawing current with the temperature at 800°K. During this time the anode current slowly rose, and as it rose the collector voltage was increased from 1.5 to 16.5 volts. At the end of 69 hours the current had increased to 2 X 10 amp and remained constant at that value for 24 hours. Before thermionic data were taken, the leakage resistance was measured between the collector and the filament and was found to be greater than 1014 ohms.
B. The Measuring Circuit
The measuring circuit used in this part of the work is shown in Fig. 3 . It was identical, except for minor changes, to one used by Nottingham (8, 9) in his work on tungsten and thoriated tungsten. The operation of the circuit will be described briefly.
The two thyratrons (FG-67) were fired alternately by signals which were applied to their grids 180°out of phase. Because of the coupling condenser between the plates,
one thyratron was turned off when the other fired. The pulse of current through either thyratron was as pictured below. The current through the right thyratron also passed through the filament of the experimental tube and through the filament of an auxiliary tube. During the pulse of current, the filament was thrown positive with respect to its collector by as much as 40 volts. Consequently no anode current was being collected.
After the pulse, however, the filament potential dropped to a value determined by the potentiometer arrangement shown in the lower right-hand part of The repetition frequency of the thyratrons was 100 cps. In the interest of stability it was desirable that the current pulse through a thyratron should not be turned off during the rapidly decreasing part of the current waveform. Accordingly, the time constant in the plate circuit of the thyratrons was made approximately 8 X 104 seconds. At 100 cps each thyratron had approximately 6 time constants to approach equilibrium. 
D. Retarding Potential Data
The retarding field measurements were made for temperatures between 514°K and 583 K. The current densities were even lower than those used for Richardson data, and no change in the state of activation of the filament was noted during the whole series of runs.
-13 Currents below approximately 10 amp were found not reproducible, because of polarization currents in the glass walls of the tube and other insulators. With the filament cold, the filament potential was changed suddenly from 0 volt to -12 volts. Over periods of several hours after that', a slowly decreasing current of the order of 10 14 amp was observed. This current was in the direction of electron flow from the filament to the collector. If the filament potential were changed from a negative to a positive value, a reverse current was found. Since these currents were not dependent on voltage, but rather on the change of voltage, they could not be attributed to leakage. It proved impractical to wait for the polarization currents to stop before making a measurement of electron current. Consequently currents less than 10 13 amp were considered in -12- As an approach to the problem of the anomalous curves, let us consider the various deviations of an experimental tube from ideal conditions.
1. Nonconcentricity of anode and cathode. Let us consider the most extreme condition of nonconcentricity in which the cathode is very near to the anode. For most of the cathode area the retarding potential data would behave as for plane-parallel geometry.
Therefore, retarding potential curves under these conditions would be expected to show less rounding, not more.
2. Space charge. Application of the space-charge theory of Langmuir (16) indicates that effects should be negligible for collection currents as small as have been used here.
This is borne out experimentally by the Richardson plot of Fig. 4 , where a straight line is found up to temperatures of 660 K, 80°higher than the greatest temperatures used for the retarding potential plots.
3. Variation of temperature along the emitter. To test the effect of such a variation one may assume a model in which half the cathode is at 550°K and half is at 560°K.
This temperature difference is several times that estimated to exist along the cathode. Retarding potential plot (pulse). T = 582.5°K.
-14- formed. A retarding potential plot was made, using dc heating. This plot is shown in Fig. 9 Fig . 10 . Using a pulse curve at the same Schottky retarding potential, theory. temperature, a graphical integration was performed (extending over the potential drop of the directly heated filament) to give a simulated dc curve. The simulated curve is plotted in Fig. 11 . It will be noted that the actual dc curve has a current twice as large as the simulated curve. This is to be expected, for the simulated curve is derived from the pulse curve in which current is being collected only half the time. Furthermore, the dc curve is shifted to the right with respect to the simulated curve by about 0.3 volt.
This voltage represents the drop, under; dc heating conditions, from the center of the emitter to the point of application of the retarding voltage and is to be expected. When the necessary vertical and horizontal translations are made, the two curves are seen to fit well (Fig. 12) . It must be concluded that no difficulty exists as a result of a potential drop along the filament.
5. Anode effect. Clean tantalum anodes have been found to show negligibly small anode effect (15) . This was found true in the present case by suddenly changing the filament potential so as first to collect saturation current and then to collect a much smaller current. As long as the currents were above the polarization current region, no time effects were observed. Retarding potential plot (simulated direct current). T = 563.2°K. Superposition of direct current and simulated direct current.
-16- 7. Reflection effect at the anode. One must presume that a reflection effect may occur at the anode. If we assume that the reflection coefficient for tantalum is of the same general nature as that found by Nottingham (8) for tungsten and thoriated tungsten, then electrons approaching the anode at the top of its potential barrier will be completely reflected, and the reflection coefficient will fall away rapidly for increasing electron energy. If these reflected electrons return to the cathode, which is possible when the cathode and anode have comparable radii, then the retarding potential plot will be distorted. On the other hand, if a filamentary emitter is used, it will be likely that the reflected electrons may be able to make several excursions to the anode and finally be collected there. Therefore, the filamentary construction tends to eliminate anode reflection effects. For the same reasons, it is also true that the filamentary emitter will tend to make the anode appear to have a uniform work-function equal to its lowest value.
8. Patchy cathode. Patches could conceivably explain the shape of the experimental curve, but they could never explain the shift toward accelerating voltages. As we pointed out before, the shift could not be explained on a patch basis except by assuming that part of the cathode has a negative work-function. Furthermore, even the shape of the curve cannot be explained without unbelievable variations of patch size and patch potential.
The Schottky accelerating potential plots, which are presented later, could be approximated by Nottingham's (8) strip theory, using a patch size of 2 x 10 -6 m and a work-function variation of 0.4 volt. Let us assume a model such that the cathode is divided into' 9 parts whose work-functions run from to b + 0.4 in equal steps. Let us ignore the fields between patches and assume that the current reaching the collector is a summation of the currents from the individual patches. This is a crude model, for patch fields will decrease the collection current. However, if the strip theory were used, the difference in the strip-theory current from that of the Schottky theory would be no more than a factor of 2. This is because the transmission coefficient for the strip theory never falls below one-half, even for electrons whose kinetic energy is just equal to the mean-barrier height (17) .
The results of the patch-theory calculation are presented in Fig. 13 , together with the Schottky-theory curve. These results may be compared with Fig. 9 , which presents the Schottky-theory curve and the curve using Nottingham's tungsten-reflection coefficient at 500 K. It is clear that the effect due to patches is almost negligible in comparison with the retarding potential curves of Figs. 5 through 8. present, they are undoubtedly small compared to the observed effects.
10. Crystallographic structure of the base metal. The work on projection tubes which was presented earlier indicates the absence of any effect on the emission from the crystallographic structure of the base metal. Even if such effects were present, they would only tend to make the cathode seem more patchy. As was shown above, the observed patch effects were negligible when compared with the experimental results.
11. Coating resistance. The remaining conceivable mechanism to explain the Observed curves is that of a potential drop through a high resistance coating. The potential drop could cause both the broadening of the observed curves and a shift toward higher accelerating potentials, for such a drop would cause the actual potential difference between the oxide surface and the collector to be less than the applied voltage.
Consequently, the applied voltage could be somewhat accelerating and there would still be a retarding voltage across the tube. The coating-resistance mechanism will be assumed in the analysis which follows. The results will be shown to be reasonable when compared with those of previous workers. Furthermore, this analysis leads to a useful method for studying coating resistance without the disadvantage of the disturbing influence of imbedded probes.
In Fig. 14 a typical retarding potential plot has been fitted with the patch-modified -18-
place, the saturation current of the experimental points is slightly in doubt. Secondly, since the slope of the experimental curve is always less than that demanded by theory, the fit by horizontal translation could be in doubt by 0.3 volt. However, the best fit was made to the curves in turn, and the coating current was determined as a function of the coating voltage. For any current, the coating voltage will be given by the horizontal distance separating the two curves.
The resulting i-V plots are presented in Fig. 15 . These plots show nonlinearity in that di/dV increases for increasing emission current. Mutter (12) has observed such curves in a comparable temperature range, although the curvature was not nearly so marked. His curves were symmetrical about the origin, and at least part of the effect could be attributed to joule heating. It is difficult to see how the present results could be explained on this basis, since no time effects were observed and, at the highest current shown on Fig. 15 , only 1.7 x 10 -9 watt of power was being dissipated in the coating.
Although the nature of the experiment precludes taking data for the reverse direction of current, the curvature suggests rectification, and therefore the data were applied to For small V, the conductivity will be proportional to exp(-e/kT) where is the height of the interface barrier. The conductivity is computed from the slope of the i-V curves modified by a geometrical factor which depends on the radius of the base metal and the radius of the interface-oxide boundary. Since the thickness of the interface is unknown, it was assumed to be equal to the coating thickness for rough calculation.
This will only multiply the conductivity by a constant factor and will not affect the determination of .
In It was felt inadvisable to go to higher currents, since this might have changed the state of activation of the cathode, and it was desired to have all measurements pertain to the same activation.
The experimental curves are presented in Fig. 17 . It is found that the currents rise quite rapidly up to applied fields of approximately 2.5 X 105 volts/m, then become linear within experimental error up to the highest fields used. The slopes of the straight-line portions of the curves are higher than predicted by Schottky mirror-image theory, in each case by a factor of very nearly 3. Both of these facts must be explained.
Although the filament was coated cataphoretically, and thus is much smoother than a sprayed cathode, it is not reasonable to suppose that the cathode is smooth microscopically. The particle size of the coating suspension was approximately 2.5 x 10 6 m, and edges could be expected with radii of curvature several times smaller than this.
Schottky (20) has estimated the effect of surface irregularities by using as a model If these results were applied to the present cathode, the radii of the first three cylinders could be 1-3 X 10m, m, and 6.5 X 10 -7 m, respectively. The dimensions are quite reasonable and could account for a field ratio of more than 8. On the basis of this approach it is proper to suppose that a fraction of the surface is subjected to fields much larger than the macroscopic field. Although the fraction of the area so affected may be small, the current is sufficiently field-sensitive that the preponderance of the emission will come from the small areas. Since the slopes of the Schottky plots are high by a factor of approximately 3, we may say that the actual field is higher than the applied field by a factor of 9.
Nottingham's (8) strip theory was used to show that the slow rise of current at low fields could be explained by patches of reasonable size and reasonable voltage variation.
According to this theory the work-function varies sinusoidally along one direction of the cathode surface and is constant in the orthogonal direction. The amplitude of the voltage variation is a and the period is z. The motive of an electron at any point between the emitter and the collector depends on the patch field, the image field, and the applied field. Those electrons escape whose motion is such that the energy associated with momentum away from the surface is at least as great as the maximum value of the motive for that direction.
By cut-and-try, the constants found to fit best the curve at T = 514°K were in the straight-line section of the curve and so have not been put on the graph. It will be seen that the fit is excellent at the low temperature, and only slightly less satisfactory at T= 563°K. Since the computed points are very sensitive to a, the value of 0.2 volt is probably very close to the correct one.
We must inquire why the Schottky plots of Fig. 17 show negligible effect of coating
resistance. An examination of Fig. 15 shows that the conductivity of the curve for T = 563°K changes from approximately 2 x 10-12 mho/cm to 5 X 10-11 mho/cm as the coating voltage runs from 0 volt to 1.5 volts and is still increasing. According to Fan (18) , the effect of the blocking layer should disappear as the current increases, and the resistance of the layer should drop to that value which would occur if the interface were comparable to the oxide proper. Even if the conductivity increased only linearly with voltage, the coating drop at T = 563 0 K and at the highest current drawn would be only 1.2 percent of the applied voltage. Actually, from Fan's discussion, the coating drop is probably small compared to the applied voltage.
The drop through the coating, if appreciable, should affect the Schottky plots by shifting them slightly to the right and broadening the low voltage section. This would mean that a/zo, as computed above, would be slightly too large, but only slightly, because of the sensitivity of the fit on a.
Since a represents the amplitude of the sinusoidal variation of the work-function, the total variation would be twice the amplitude or 0.4 volt. It is on the basis of this analysis that the patch model for retarding fields was set up in which the work-function was assumed to vary in equal steps from ' to j + 0.4 volt.
F. X-ray Diffraction Study
Since all evidence so far accumulated points strongly to the presence of a high resistance interface, it was thought desirable to make an X-ray diffraction study of a -23-1·_-·1 --·----1_1 ·1 _I __ _II· --* ---· cathode of this type. This was done, using a filament prepared in a manner similar to that used on the one under discussion. Because of the small size of the filament, it proved impractical to separate the outer coating and the interface from the tungsten and make a powder pattern of the interface material. Instead, a small sample of the entire filament was mounted in a Debye camera. The sample was rocked back and forth, and exposed for 12 hours to copper-Ka radiation. The result of the exposure was a series of lines representing the powder pattern of the coating superimposed on isolated spots from the single-crystal tungsten. The spots of the tungsten pattern were very sharp and symmetrical; this indicated the presence of a good single crystal, well-oriented with the axis of the wire.
The interface compounds of this study were originally reported (21) (24) . On the basis of the above, the data were re-examined and the readily measurable lines were found consistent with either interpretation.
IV. Conclusion
Thermionic emission from oxide-coated tungsten filaments has been measured. It was found that the retarding potential data could best be interpreted as due to the presence of a high-resistance interface. Such an interpretation led to methods of analysis yielding the properties of this interface.
